Purpose In order to verify the potential association between the aetiopathogenesis of adolescent idiopathic scoliosis (AIS) and the process of sexual maturation, we determined the concentrations of oestrogens in pre-and postmenarcheal girls affected by this condition. AIS, occurring mostly in pubescent girls, is one of the most frequent forms of faulty posture. Therefore, it was assumed that the multifactorial pathomechanism of AIS involves significant deficiency of oestrogens. Methods The diagnosis of AIS was established on the basis of physical examination and analyses of radiograms. Concentrations of FSH, LH, oestrogens, progesterone, osteocalcin and RANKL were determined by ELISA. The activity of alkaline phosphatase (AP) was measured by kinetic method. The study included pre-and postmenarcheal girls with AIS and corresponding groups of scoliosis-free controls. Results In premenarcheal scoliotic girls, the levels of FSH, LH and oestradiol were lower; the levels of progesterone, oestrone and oestriol were higher; and the concentrations of oestrone and oestriol were similar compared to premenarcheal controls. Higher levels of RANKL, osteocalcin and AP were observed in premenarcheal adolescents with AIS compared to controls. The concentrations of FSH, LH, oestradiol, and progesterone in postmenarcheal girls with scoliosis were lower, oestrone were slightly lower and oestriol did not differ compared with the control group. Significantly higher levels of RANKL, osteoc alcin an d A P w ere o bserv ed i n postmenarcheal scoliotic adolescents compared with controls. Conclusions There is an interdependence between the concentration of oestradiol and development of scoliosis. Determination of estradiol may have diagnostic value in the screening of spinal pathologies associated with AIS.
Introduction
The increasing prevalence of faulty posture among children and adolescents is caused by an array of development-related factors, including low levels of physical activity and many metabolic disorders [1] . Despite a dynamic development of comprehensive diagnostic and correcting methods, the increasing prevalence of postural deformation still remains unchanged. Adolescent idiopathic scoliosis (AIS) is one of the most frequent forms of faulty posture [2, 3] . This spinal deformation occurs mostly among pubescent girls [4] . Many authors emphasize multifactorial pathomechanism of scoliosis [5] [6] [7] [8] , and the involvement of genetic and epigenetic predispositions, and the influence of hormonal factors are widely accepted [6, 7, [9] [10] [11] [12] [13] [14] [15] .
Although the exact aetiology and molecular mechanisms underlying the development of adolescent idiopathic scoliosis are still not fully understood, the concept of multifactorial pathomechanism in widely accepted. Furthermore, the involvement of, yet unidentified, genetic factors in the development of AIS is emphasized. The development of scoliosis is assumed to be associated with a sex-linked predominant gene with incomplete penetrance and variable expression. Although familial predisposition to scoliosis points unequivocally to genetic background of this condition, the exact mechanism of inheritance still has to be confirmed. The AIS-associated loci were identified on both autosomes [16] [17] [18] and the X chromosome [19] . Therefore, a polygenic inheritance model with incomplete penetrance and variable expression (DNA methylation) is postulated [3, 20, 21] . To confirm this hypothesis, the presence of the Carter effect in adolescent idiopathic scoliosis is observed. This effect suggests that males with AIS would need to inherit a greater number of susceptibility genes compared with females to develop the deformity. Males would also be more likely to transmit the disease to their children. This would support polygenic inheritance theory and greater prevalence of disease in adolescent girls with idiopathic scoliosis [22] .
It is postulated that the development of AIS comprises of two stages: initial functional impairment of osteoblasts and osteoclasts, and the stage of actual spinal deformation [6, 10] . The reasons for the above mentioned pathological changes are still a subject of research. The occurrence of AIS in girls is more frequent than in boys, especially during the pubescent period, before menarche [23] . The number of girls with scoliosis with Cobb angle greater than 10°is twice as high as the number of boys with this condition, and the prevalence of deformations with Cobb angular values above 30°is eight-fold higher among girls than boys [20] . The association between the progression of idiopathic scoliosis, gender, and age of sexual maturity has raised interest in oestrogenss, as hormones that can be potentially involved in AIS aetiopathogenesis [12, 24] . Although oestrogens do not constitute an etiological factor of AIS, they can influence the progression of spinal deformation, interacting with other factors modulating growth, biomechanics, and the structure of bones. Oestrogens repress osteoclastogenic cytokine production, including interleukine-6 (IL-6), interleukine-1 (IL-1), receptor activator of nuclear factor B ligand (RANKL) from immune cells and osteoblasts, increase osteoblast proliferation, decrease osteoblast and osteocyte apoptosis and induce osteoclast apoptosis [25, 26] . As scoliosis is frequently concomitant to decreased concentrations of oestrogens and delayed puberty, it has been hypothesized that oestrogen deficiency can play an important role in the multifactorial pathomechanism of AIS [27] [28] [29] . In order t o v e r i f y p o t e n t i a l a s s o c i a t i o n b e t w e e n t h e aetiopathogenesis of scoliosis and the process of sexual maturation, we determined the serum oestrogen, oestron, oestriol, progesterone, RANKL, osteocalcin concentrations and alkaline phosphatase activity of pre-and postmenarcheal girls with AIS.
Material and methods
The study included a group of girls treated at the Orthopedic-Rehabilitation University Hospital in Zakopane. The protocol of the study was approved by the Local Bioethical Committee and the legal guardians of all participating girls expressed their written informed consent for enrolling their children into the project. A total of 200 girls, aged between 11 and 14 years, were examined. They were divided into four groups of 50 girls each. The first (group I) comprised of premenarcheal girls with scoliosis (mean age 12.6 years), the second (group II) of postmenarcheal scoliosis patients (mean age 14.6 years), and the third and fourth were control groups of pre-(group III) and postmenarcheal (group IV) scoliosis-free subjects (mean age 12.4 and 13.8 years, respectively). Both the girls with scoliosis and healthy controls without spinal deformations were hospitalized at the Department of Orthopaedics. The enrollment criterion for groups I and II was scoliosis, and only girls with normal posture (however allowing trauma-related deformations) were qualified to the control groups.
The Cobb angle in all girls with scoliosis was greater than 15°. The diagnosis of idiopathic scoliosis was established on the basis of physical examination and antero-posterior (AP) radiograms performed every six months. All biochemical parameters were determined in blood sera obtained during routine diagnostic procedures. The samples were frozen and stored at −80°C, until analysis. The blood samples from postmenarcheal girls were obtained two to three days following the last day of the menstrual period. Concentrations of hormones: FSH (EIA-1288, DRG International, Germany), LH (EIA-1289, DRG International, Germany), estradiol (EIA-2693, DRG International, Germany), estrone (EIA-4174, DRG International, Germany), estriol (EIA-3717, DRG International, Germany), progesterone (EIA-1561, DRG International, Germany), osteocalcin (EIA-3375, DRG I n t e r n a t i o n a l , G e r m a n y ) a n d R A N K L ( K 1 0 1 6 , Immundiagnostic AG, Germany) were determined by ELISA with commercially available kits and Microplate Reader Rayto RT 2100C, as described by Sambrook and Russel [30] . The activity of alkaline phosphatase was measured by kinetic method using a commercially available kit (92214, Biolabo, France).
Statistical analysis
The results were subjected to statistical analysis with STAT ISTICA PL 10.0 software (StatSoft, Tulsa OK, United States). Statistical characteristics of continuous variables were presented as: arithmetic means, standard deviations (SD), and minimum and maximum values. Prior to analysis, we verified the normality of continuous variables distributions, and tested the homogeneity of their variances with the Levene's test. The hypothesis on the lack of differences between hormonal parameters of four studied groups was verified with two-way factorial ANOVA. Acceptable significance level was set at p <0.05.
Results
We determined the levels of sex hormones, FSH, LH, oestrogens (oestradiol, oestrone, oestriol), and progesterone as well as osteocalcin, RANKL and alkaline phosphatase for all studied groups, i.e. in pre-and postmenarcheal girls with scoliosis and in pre-and postmenarcheal controls. Mean age of premenarcheal girls with scoliosis and premenarcheal controls amounted to 12.6 and 12.4 years, respectively, and mean ages of postmenarcheal scoliosis patients and postmenarcheal controls were equal to 14.6 and 13.8 years, respectively.
In premenarcheal girls with scoliosis the levels of FSH (88.6 %; p=0.167), LH (95.8 %; p=0.646) and oestradiol (38.8 %; p=0.000) were lower than in premenarcheal healthy girls. Higher levels of oestrone (100.5 %; p=0.959), oestriol (100.9 %; p=0.880) and progesterone (108 %; p=0.394) were observed in premenarcheal adolescents with AIS, compared with control groups. The difference in oestrogen levels were statistically significant (p<0.05). Significantly higher levels of RANKL (151 %; p=0.036), osteocalcin (256 %; p=0.000) and alkaline phosphatase (152 %; p=0.000) were observed in premenarcheal adolescents with idiopathic scoliosis, compared with the control group.
Additionally, in postmenarcheal girls with scoliosis the levels of FSH (86 %, p=0.022), LH (72 %; p=0.000), estradiol (61 %; p=0.000) and progesterone (68 %; p=0.000) were lower compared with postmenarcheal healthy girls. All differences were statistically significant (p < 0.05). In postmenarcheal girls with scoliosis the levels of oestrone were slightly lower (96 %; p=0.733) and oestriol (100 %; p=0.872) did not differ from that in postmenarcheal healthy girls and there was no statistical significance. Significantly higher levels of RANKL (163 %; p=0.047), osteocalcin (134 %; p=0.000) and alkaline phosphatase (117 %; p=0.122) were observed in postmenarcheal adolescents with idiopathic scoliosis, compared with the control group.
In postmenarcheal girls with AIS compared to premenarcheal adolescents with AIS, higher levels of FSH (104 %), LH (204 %), oestradiol (231 %), oestrone (120 %), oestriol (101 %), progesterone (101 %) and RANKL (137 %) as well as lower level of osteocalcin (59 %) and alkaline phosphatase (65 %) were observed. The results are summarized in Table 1 and presented in Figs. 1, 2, 3, 4 , 5, 6, 7, 8 and 9.
Discussion
Female puberty is determined by the secretion rhythms of pituitary (FSH and LH) and ovarian hormones (oestrogens and progesterone). Reaching puberty is preceded by a period of pubescence, which varies depending on the individual and is associated with characteristic changes in a girl's silhouette, growing content of adipose tissue, and increasing levels of female sex hormones. Eventually, all these preparatory stages lead to full puberty, which manifests with menstrual bleeding [31] . Girls between the age of ten and 14 can develop scoliosis, usually idiopathic. The number of hypotheses on the involvement of biochemical, neurological, mechanical, hormonal and genetic factors have been proposed. Oestrogens modulate bone growth and remodeling, and control changes in the structure of cancellous bones. Although oestrogens do not constitute an aetiological factor of AIS, they can influence the progression of spinal deformation, interacting with other factors modulating growth, biomechanics, and structure of bones [32, 33] . Such changes are reflected by decreased stability of cancellous bones, mostly vertebrae, and can be pre-requisite for scoliosis. Therefore, oestrogens can modulate the severity of progression in AIS-related spinal deformation. Moreover, oestrogens are known to influence the differentiation of osteoblasts, and equilibrium between the amounts of collagen and glycoproteins in skeletal tissue. Enhanced bone turnover associated with oestrogen deficiency results from changes in the secretion of cytokines and growth factors by osteoblasts, osteoclasts, and other cells of the skeletal tissue [32, 33] . Loss of oestrogens results in increased bone turnover, with both increased osteoclast and osteoblast activities. Estrogens upregulate genes involved in signal transduction and regulation of transcription such as IGF-1, that regulate osteoblast Fig. 1 Mean concentration of FSH in the groups of girls studied Fig. 2 Mean concentration of LH in the groups of girls studied proliferation, differentiation and activity; Fas Ligand (FasL) that induces osteoclast apoptosis; osteoprotegerin (OPG) that inhibits the RANKL pathway; as well as alkaline phosphatase, which is a marker of early osteoblast differentiation and is important in the mineralization of bone. On the other hand, oestrogens downregulate genes involved in immune and inflammatory response including IL-1 as a pro-inflammatory cytokine [25] . In addition, oestrogens modulate the activity of the melatonin receptor and inhibit the synthesis of melatonin. Moreover, they interact with other hormones and biochemical factors, such as calcium-binding protein calmodulin, as well as with other proteins controlling muscle contractility.
In this study, we investigated the potential association between spinal deformation and the levels of female sex hormones, including oestrogens. We assumed that the process of spinal deformation can result from abnormal levels of oestrogens. Furthermore, we hypothesized that the consequences of estrogen deficiency can be observed in both premenarcheal and postmenarcheal girls. Therefore, understanding the role of oestrogens seems vital for explaining the evolution of AIS associated with skeletal growth [24, 29, [34] [35] [36] .
Our study revealed that the levels of FSH, LH, and estradiol in premenarcheal girls with AIS were markedly lower than in their scoliosis-free peers. Also, the levels of FSH, LH, oestradiol, and oestrone in postmenarcheal girls with scoliosis turned out to be lower than in healthy controls. Delayed menarche results from the later age of beginning puberty can explain these observations. The mean age of girls with AIS Fig. 3 Mean concentration of oestradiol in the groups of girls studied Fig. 4 Mean concentration of oestrone in the groups of girls studied was higher in both pre-and postmenarcheal groups compared to healthy girls. Furthermore, we found that the levels of FSH, LH, oestradioll, and oestrone in premenarcheal girls with AIS were lower than in postmenarcheal patients suffering from this condition. It may be a result of higher level of LH after menarche and stronger modulation of sex hormones production such as oestradiol and progesteron.
Our results on oestradiol level are in contrast with results obtained by Raczkowski [37] . He found no statistical difference in estrogen levels in folicular and luteal phase between girls with scoliosis and healthy girls, but demonstrated increased testosterone level in girls with AIS. The possible cause for the difference between our study and those by Raczkowski [37] may be due to the different study design and number of participants included. The study by Raczkowski included a group of 27 girls (mean age14.8 years) with scoliosis without division on premenarcheal and postmenarcheal condition and a group of only seven girls without scoliosis (control group; mean age14.3 years). In our study, a total of 200 girls were included and divided into four groups (n=50 each): pre-and postmenarcheal girls with scoliosis (mean age 12.6 years and14.6 years, respectively), and pre-and postmenarcheal controls (mean age12.4 years and 13.8 years, respectively) (as described in the Material and Methods section). We measured oestrogen levels in postmenarcheal girls only once, two to three days following the last day of the menstrual period (follicular phase). The level of testosterone was not determined in our study. Altered levels of sex hormones can play an important role in the pathogenesis of scoliosis. The levels of FSH, LH, oestradiol, and progesterone can serve both as markers of normal sexual maturation and indices for potential pathologies, e.g. scoliosis. The reasons for decreased levels of the abovementioned hormones are difficult to explain. Nevertheless, the consequences of reduced levels of these hormones should be considered as one of the most important factors involved in the development of scoliosis. Despite marked intergroup differences in the levels of sexual hormones, girls with scoliosis and healthy controls did not differ significantly in terms of age at menarche.
Imbalance in bone formation-bone resorption is observed in AIS, which is characterized by bone loss and leads to curve progress. This process includes the action of RANKL and can be manifested by an increase of osteocalcin and alkaline phosphatase. RANKL is produced by osteoblastic lineage cells, and activated T cells promotes osteoclast formation, fusion, differentiation, activation, and survival, leading to enhanced bone resorption and bone loss. RANKL expression is modulated by various cytokines (IL-1, IL-6, IL-11), glucocorticoids, and PTH [26, 38] . It is known that oestrogens inhibit RANKL production, diminishing bone resorption [25] . Osteocalcin is produced by osteoblasts and is widely accepted as a marker of bone osteoblastic activity. Osteocalcin, incorporated into the bone matrix, is released into the circulation from the matrix during bone resorption. Total serum alkaline phosphatase has been used as a biochemical marker Fig. 7 Mean concentration of osteocalcin in the groups of girls studied Fig. 8 Mean concentration of RANKL in the groups of girls studied for bone formation to assess osteoblastic activity. Both markers are increased in metabolic bone diseases with increased bone or osteoid formation including osteopenia, osteoporosis, as well as in adolescent idiopathic scoliosis [39] [40] [41] [42] [43] [44] .
In this study we investigated the levels of osteocalcin and alkaline phosphatase as markers for the bone formation process and RANKL, which is a ligand for osteoprotegerin and functions as a key factor for osteoclast differentiation and activation. Significantly higher levels of RANKL, osteocalcin and alkaline phosphatase were observed in adolescents with idiopathic scoliosis, in pre-as well as postmenarcheal girls, compared with respective control groups. Similar results may be observed in metabolic bone diseases [40, 41, 45] . The lower level of osteocalcin and alkaline phosphatase after menarche, in groups of healthy girls and with AIS, suggest a slowdown in bone resorption, which is normal after puberty, where a gradual lowering of both markers is observed [46] . On the contrary, the higher level of RANKL after menarche, in groups of healthy girls and with AIS suggests that additional processes are involved in regulation of RANKL or level of oestrogen was not enough to modify function of the cytokine. Our results suggests a link between low level of oestrogen and high level of osteocalcin, alkaline phosphatase as well as RANKL.
Decreased levels of oestrogens in both pre-and postmenarcheal girls with scoliosis can be a result of the dysfunction of cells which synthesize these hormones. While the synthesis of FSH and LH was proven normal in both groups of premenarcheal girls, the levels of these hormones in postmenarcheal patients with scoliosis were significantly lower than in the controls. Excessive catabolism and enhanced elimination of oestrogens can be another factor affecting the level of these hormones. We can hypothesise that reduced levels of FSH and LH observed in girls with AIS cause hypoestrogenism resulting in increased pro-inflammatory cytokines such as IL-1 and IL-6, which increase RANKL concentration and osteoclast activity and bone resorption. As a consequence can be observed a higher level of osteocalcin and alkaline phosphatase. Additionally, the dysfunction of oestrogen-binding plasma proteins and polymorphism of oestrogen receptors cannot be excluded as a cause of reduced oestrogen levels. Impaired interaction between sex steroids and the cellular (especially nuclear) system of signal transduction is another factor which can be involved in the aetiopathogenesis of scoliosis. All the factors mentioned above can act simultaneously, forming a multifactorial environment for development of structural abnormalities of cancellous bone. Our findings suggest the association between the reduced levels of oestrogens and prevalence of scoliosis. The remaining issues, such as the levels of oestrogens and their molecular function in cells during the development of scoliosis still need to be explained.
Conclusions
1. There is an interdependence between the concentration of estradiol and the development of scoliosis. 2. Determination of estradiol may present diagnostic value in the screening of spinal pathologies associated with idiopathic scoliosis. Fig. 9 Mean concentration of alkaline phosphatase in the groups of girls studied 3. Higher levels of RANKL, osteocalcin and alkaline phosphatase may induce bone-remodelling changes leading to osteopenia in patients with AIS.
